Enteropathogenic E. coli (EPEC) is a major cause of infantile diarrhea, but the pathophysiology underlying associated diarrhea is poorly understood. We examined the role of the luminal membrane Cl -/OH -exchange process in EPEC pathogenesis using in vitro and in vivo models. Cl -/OH -exchange activity was measured as OH -gradient-driven 36 Cl -uptake. EPEC infection (60 minutes-3 hours) inhibited apical Cl -/OH -exchange activity in human intestinal Caco-2 and T84 cells. This effect was dependent upon the bacterial type III secretory system (TTSS) and involved secreted effector molecules EspG and EspG2, known to disrupt the host microtubular network. The microtubule-disrupting agent colchicine (100 µM, 3 hours) also inhibited 36 Cl -uptake. The plasma membrane expression of major apical anion exchanger DRA (SLC26A3) was considerably reduced in EPEC-infected cells, corresponding with decreased Cl -/OH -exchange activity. Confocal microscopic studies showed that EPEC infection caused a marked redistribution of DRA from the apical membrane to intracellular compartments. Interestingly, infection of cells with an EPEC mutant deficient in espG significantly attenuated the decrease in surface expression of DRA protein as compared with treatment with wild-type EPEC. EPEC infection in vivo (1 day) also caused marked redistribution of surface DRA protein in the mouse colon. Our data demonstrate that EspG and EspG2 play an important role in contributing to EPEC infection-associated inhibition of luminal membrane chloride transport via modulation […] Research Article Microbiology
activity in human intestinal Caco-2 and T84 cells. This effect was dependent upon the bacterial type III secretory system (TTSS) and involved secreted effector molecules EspG and EspG2, known to disrupt the host microtubular network. The microtubule-disrupting agent colchicine (100 µM, 3 hours) also inhibited 36 Cl -uptake. The plasma membrane expression of major apical anion exchanger DRA (SLC26A3) was considerably reduced in EPEC-infected cells, corresponding with decreased Cl -/OH -exchange activity. Confocal microscopic studies showed that EPEC infection caused a marked redistribution of DRA from the apical membrane to intracellular compartments. Interestingly, infection of cells with an EPEC mutant deficient in espG significantly attenuated the decrease in surface expression of DRA protein as compared with treatment with wild-type EPEC. EPEC infection in vivo (1 day) also caused marked redistribution of surface DRA protein in the mouse colon. Our data demonstrate that EspG and EspG2 play an important role in contributing to EPEC infection-associated inhibition of luminal membrane chloride transport via modulation […] Introduction Electroneutral NaCl absorption in the human ileum and colon involves coupling of luminal Na + /H + exchange (NHE) and Cl -/ OH -(HCO 3 -) exchange activities (1, 2) . Disturbances in these electrolyte transport systems have been implicated in the pathophysiology of diarrhea associated with inflammatory diseases or infection by enteric pathogens (1, 2) . Enteropathogenic E. coli (EPEC) is a food-borne pathogen and a major cause of watery infantile diarrhea worldwide that is associated with high rates of morbidity and mortality. A unique feature of EPEC is that it neither expresses toxins nor is invasive but instead attaches intimately to host intestinal epithelial cells (3, 4) . The pathogenicity island of EPEC houses a number of virulence proteins including those of a type III secretion system (TTSS) through which bacteria directly deliver their proteins into the host cell (5, 6) . While the genes conferring pathogenicity to EPEC have been cloned and fully sequenced, the mechanisms by which infection by this pathogen cause diarrhea in the infected host remain unclear.
Previous studies show that the mechanism(s) of EPEC-induced diarrhea are multifactorial. For instance, we have reported previously that EPEC infection induces inflammation and disrupts the structure and barrier function of tight junctions (6, 7) . In addition, EPEC induces IL-8 release to stimulate neutrophil transmigration (8) and the release of 5′-AMP, which is converted to the secretagogue adenosine (9) . The pathogen-induced activation of NF-κB also upregulates expression of the galanin-1 receptor, resulting in increased Cl -secretion after activation by its ligand (10) . However, to date, the mechanism(s) of EPEC-induced diarrhea, particularly during early infection, are not fully defined.
Diarrhea generally results from either increased secretion or impairment in NaCl absorption or both. Earlier studies have addressed the potential secretory effects of early EPEC infection. For example, studies by Collington et al. (11) indicated that EPEC infection resulted in a small increase in Cl --dependent short-circuit current (Isc) in Caco-2 cells. In contrast, studies by our laboratory utilizing T84 cells showed that EPEC infection failed to stimulate chloride secretion (10) . In fact, EPEC infection diminished the effects of secretagogues on these cells (10) . Therefore, we focused on examining the effects of EPEC on the host cell NaCl-absorptive activities. We previously showed that EPEC infection of host intestinal epithelial cells stimulated the activity of NHE2, whereas the activity of NHE3, the predominant NHE isoform involved in Na + absorption, was inhibited (12) . Thus, it was also critical to examine the effects of EPEC on intestinal apical membrane Cl -/OH -exchange activity to better understand the pathogenesis of associated diarrhea. The role of apical anion exchangers SLC26A3 (down regulated in adenoma [DRA] ) and SLC26A6 (putative anion transporter 1 [PAT-1]) (13) (14) (15) (16) (17) in mediating luminal Cl -/HCO 3 -(OH -) exchange in the human intestine was also examined in response to EPEC infection using in vitro and in vivo models of EPEC infection.
Our studies revealed the mechanistic basis for microbial-epithelial interactions that might underlie pathophysiology of EPEC-induced diarrhea. We demonstrated that EPEC infection of intestinal epithelial cells inhibited Cl -/OH -exchange activity via the involvement of the effector molecules EspG and EspG2. Our results also reveal that optimal Cl -/OH -exchange activity requires an intact tubulin network. In addition, EPEC infection in in vitro and in vivo models was shown to modulate DRA protein expression on the apical plasma membrane. Alterations in the level of DRA expression at the apical membrane in response to EPEC infection represent what we believe to be a novel and distinct mechanism for its acute regulation.
Results

EPEC infection inhibits apical Cl -/OH -exchange activity in human intestinal epithelial cells.
To determine the effects of EPEC infection on Cl -/OHexchange activity, Caco-2 monolayers were infected with EPEC for 3 hours and 4,4′-diisothiocyanateo-stilbene-2,2′-disulfonic acidsensitive (DIDS-sensitive) 36 Cl -uptake was then assessed after cells were base loaded. Figure 1A shows that Cl -/OH -exchange activity was significantly decreased (by approximately 70%) in response to EPEC infection. Nonpathogenic E. coli, however, caused no significant alteration in 36 Cl -uptake. A time course of EPEC infection was assessed by infecting Caco-2 cells with EPEC for different periods ranging from 60 to 120 minutes. The inhibition of 36 Cl -uptake occurred as early as 60 minutes after infection and persisted for up to 90 and 120 minutes ( Figure 1B ). All subsequent experiments were therefore performed at 60 minutes after infection. In order to determine whether the effects of EPEC on Cl -/OH -exchange activity are cell line specific, experiments were also performed in another human intestinal cell line, T84, representing colonic crypts. Similar to the effects in Caco-2 cells, EPEC infection of T84 cells also resulted in significant inhibition of apical Cl -/OH -exchange activity as early as 60 minutes after infection ( Figure 1C) .
Inhibition of Cl -/OH -exchange by EPEC is TTSS dependent. The role of EPEC virulence proteins on Cl -/OH -exchange activity was next investigated. First, the involvement of the TTSS required to inject effector molecules into host cells was assessed. The EPEC protein EscN is the putative ATPase that drives type III secretion. As shown in Figure 2A , there was no inhibition of apical Cl -/OH -exchange activity in Caco-2 cells infected with the escN mutant strain, indicating that the effects of EPEC on apical Cl -/OH -exchange activity are TTSS dependent. In order to further analyze the role of the TTSS in EPEC-modulated Cl -/OH -exchange activity, cells were infected with either espA, espB, or espD mutant strains, which are incapable of forming translocation channels and pores. The results, as shown in Figure 2B , demonstrated that infection of cells with either the espA, espB, or espD mutant strain failed to inhibit Cl -/OH -exchange activity. These results suggest the involvement of either the structural components of the translocation pore itself or the secreted effector molecules that are delivered by the translocation pore into the host cytosol.
Role of EPEC effector proteins. Several EPEC effector proteins, including EspF, EspG, EspH, and Map, are delivered into host cytosol following infection. The role of these effector molecules in EPEC-induced Cl -/OH -exchange inhibition was further investigated by infecting Caco-2 cells with the mutant strains deficient in the expression of espF, espG, espH, or map for 60 minutes. Figure 3A shows that mutation of espF, espH, and map inhibited the apical Cl -/OHexchange activity to the same degree as wild-type EPEC. In contrast, the espG mutant affected 36 Cl -uptake significantly less than wildtype EPEC. Interestingly, complementation of the espG mutant with espG restored the inhibition in apical Cl -/OH -exchange activity to levels similar to those resulting from infection with wild-type EPEC ( Figure 3B ). These results suggest that EspG contributes to the observed decrease in apical Cl -/OH -exchange activity by EPEC. An espG paralog, encoded by espG2, has been recently identified (18) . Therefore, in order to determine whether the presence of espG2 in EPEC dampened the effects of espG deletion on Cl -/OH -exchange activity by EPEC, we also examined the effects of espG2 mutant and the espG/espG2 double mutant on apical Cl -/OH -exchange activity. Similar to that of the espG mutant, the inhibitory effect of the espG2 mutant on 36 Cl -uptake was significantly attenuated as compared with wild-type EPEC ( Figure 3B ). As shown in Figure 3B , deletion of both espG and espG2 ablated the inhibition in Cl -/OH -exchange activity. This activity was partially restored when the double mutant was complemented with espG ( Figure 3B) .
Effect of colchicine on Cl -/OH -exchange activity. Earlier studies regarding the role of E. coli-secreted proteins on the host cytoskeletal structure demonstrated that EspG and EspG2 disrupt the microtubular network of the host intestinal epithelial cells (19, 20) . Therefore, it was of interest to examine whether the disruption of microtubules was involved in the loss of apical Cl -/OH -exchange activity. For this, specific inhibitors of tubulin polymerization, colchicine and nocadozole, were used. Incubation of Caco-2 cells with colchicine (100 μM) for 3 hours significantly decreased Cl -/OH -exchange activity as compared with treatment of cells with vehicle alone (Table 1) . There was no effect of colchicine treatment at a concentration of 50 μM.
Time-course studies of the effect of colchicine (100 μM) on apical Cl -/OH -exchange activity showed that maximum inhibition occurred at 3 hours, with no significant changes at 1 hour and 2 hours of incubation (values represent 36 (21) demonstrating the breakdown of the microtubular network in epithelial cells, apparent at the concentration and time point used in the present study. Similar results were also observed with another microtubule-disrupting agent, nocodazole (33 μM for 3 hours; data not shown). These results suggest that optimal Cl -/OH -exchange activity requires an intact tubulin network. In order to determine whether EPEC and colchicine mediate their effects on Cl -/OH -exchange activity via similar mechanism(s), Caco-2 cells were treated with colchicine (100 μM for 2 hours) and then infected with EPEC in the presence of colchicine for another 1 hour. As shown in Table 1 , colchicine treatment and EPEC infection alone inhibited the apical Cl -/OH -exchange activity by approximately 50% and 80%, respectively; however, the presence of both colchicine and EPEC did not exert any syner-
Figure 2
Effects of EPEC are TTSS dependent. (A) Caco-2 cells were infected with EPEC or escN mutant (mutated for ATPase driving TTSS; ΔescN) for 60 minutes. Cl -/OH -exchange activity was measured in base-loaded cells as DIDS-sensitive (300 μM) 36 Cl -uptake. Results represent mean ± SEM of 4 separate experiments performed in triplicate. *P < 0.05 compared with control. (B) Role of type III secretion mutants. Cl -/OH -exchange activity was measured in Caco-2 cells subsequent to infection with EPEC or different TTSS mutants that are incapable of forming translocation pores. The effects of EPEC on Cl -/OH -exchange activity were dependent on TTSS. Results represent mean ± SEM of 4 separate experiments performed in triplicate. *P < 0.05 compared with control.
Figure 3
The role of EPEC effector proteins. (A) Involvement of espF, espG, espH, or map in the effects of EPEC. The role of secreted effector molecules was investigated by infecting Caco-2 cells with EPEC or espF, espG, espH, and map mutants for 60 minutes. Cl -/OHexchange activity was measured in base-loaded cells as DIDS-sensitive (300 μM) 36 Cl -uptake. espF, espH, or map mutants inhibited Cl -/OH -exchange activity to the same extent as wild-type EPEC. The EspG mutant caused a relatively attenuated response as compared with wild-type EPEC. Results represent mean ± SEM of 3 separate experiments performed in triplicate. *P < 0.05 compared with control; **P < 0.05 compared with wild-type EPEC. (B) Role of espG and espG2. Caco-2 monolayers were infected with either the espG mutant, espG paralog espG2 mutant, or double mutant containing deletion of espG and espG2 for 60 minutes. Cl -/OH -exchange activity was measured in base-loaded cells as DIDS-sensitive (300 μM) 36 Cl -uptake. espG and espG2 mutants significantly attenuated the inhibition in Cluptake compared with wild type EPEC. The double mutant completely abolished the inhibitory response. Complementation of espG in the espG mutant or in the double mutant restored the inhibition in Cl -/OHexchange activity. Results represent mean ± SEM of 3-6 separate experiments performed in triplicate. *P < 0.05 compared with control; **P < 0.05 compared with wild-type EPEC.
gistic effects on this inhibition (80%). These results suggest that both colchicine and EPEC inhibit Cl -/OH -exchange activity via disruption of the microtubule network.
Is Cl -/OH -exchange activity inhibition secondary to NHE3 inhibition? Since EPEC inhibits NHE3 activity in Caco-2 cells, it could be argued that the observed effects of EPEC on Cl -/OH -exchange activity are secondary to inhibition of NHE3. To examine this possibility, Caco-2 cells were pretreated with the NHE inhibitor ethyl-isopropyl amiloride (EIPA) at a concentration of 50 μM and then infected with EPEC in the presence of either EIPA or DMSO (vehicle). As shown in Table 2 , blocking of NHE by EIPA modestly decreased the apical Cl -/OH -exchange activity in control monolayers; however, the magnitude of EPEC-mediated inhibition of 36 Cl uptake (70%) was not significantly altered in the absence or presence of EIPA. These results indicate that effects of EPEC on apical Cl -/OH -exchange activity were not completely secondary to inhibition of NHE3 activity.
EPEC reduces surface DRA expression. Two members of the SLC26 gene family, namely DRA, which is impaired in congenital chloride diarrhea, and PAT-1, have been implicated as candidate genes for apical Cl -/OH -(HCO 3 -) exchange in the human intestine (13) . Therefore, to examine the effect of EPEC infection on DRA and PAT-1 protein expression, cell-surface biotinylation studies were performed to determine the changes in cell-surface antigen, defined as the biotin-accessible fraction of total cellular antigen. Biotinylated proteins from control and infected cells were separated from the cell lysate by avidin, and proteins were probed with affinity-purified human anti-DRA or ant-PAT-1 antibodies.
The surface expression of DRA in infected cells was considerably decreased, paralleling the loss in Cl -/OH -(HCO 3 -) exchange activity, while total cellular DRA (sum of apical and intracellular DRA) remained unchanged ( Figure 4B ). Densitometric analysis suggested that EPEC reduced surface DRA expression by approximately 70% compared with uninfected or nonpathogenic E. coli ( Figure 4C ). These data indicate that reduced surface expression of DRA contributes to early EPEC-induced diarrhea. Interestingly, deletion of espG in EPEC resulted in an approximately 40% decrease in surface expression of DRA as compared with wild-type EPEC ( Figure 4 , B and C), whereas infection of Caco-2 cells with espG/ espG2 double mutant caused surface DRA expression comparable to that in uninfected or nonpathogenic E. coli-infected cells (data not shown). In order to ensure that EPEC infection would not alter the efficiency of biotinylation, the surface proteins were also probed with avidin-peroxidase antibody. Results, as shown in Figure 4A , suggest that the efficiency of biotinylation was similar in control and EPEC-infected cells. In contrast, the expression of PAT-1 on the surface was not significantly altered in response to EPEC infection, as shown in Figure 5B . Densitometric analysis ( Figure 5C ) showed no quantitative difference in the surface expression of PAT-1 between control and EPEC-infected cells. Also, the efficiency of biotinylation remained similar in uninfected cells and cells infected with wild-type or nonpathogenic E. coli ( Figure 5A) .
EPEC causes redistribution of DRA. Immunofluorescence studies were performed to confirm the regulation of DRA by internalization of the DRA protein from surface to intracellular compartment in response to EPEC infection. DRA or PAT-1 expression was determined in control and EPEC-infected cells after immunostaining with antibodies against DRA. The primary antibody was washed, and then cells were incubated with goat anti-rabbit Alexa Fluor conjugate 568 (red). To visualize the outline of the monolayers, actin was labeled with Alexa Fluor 488-conjugated phalloidin (green). As shown in Figure 6A , DRA protein was predominantly expressed on the apical membrane in Caco-2 cells, as judged by both the vertical xy image and the horizontal xz image. Similar studies were performed in monolayers infected with EPEC or the double mutant espG/espG2. As shown in the in xz images in Figure 6A , EPEC infection caused dramatic reorganization of the actin cytoskeleton and caused redistribution of DRA from apical to intracellular compartments. However, in Caco-2 monolayers infected with the double espG/espG2 mutant, DRA staining was predominantly restricted to the apical surface, similar to what occurred in the uninfected monolayers, paralleling the results of the studies on Cl -/OH -(HCO3 -) exchange activity ( Figure 6A) .
To compare the cellular distribution of DRA in control and EPECinfected cells, 3D images were created ( Figure 6B ). These confocal images demonstrated that DRA (red) is predominantly expressed on the surface of cells infected with nonpathogenic E. coli ( Figure 6B , upper panel); however, infection with EPEC resulted in marked internalization of the DRA to intracellular compartments ( Figure 6B , lower panel). It should be noted that PAT-1 antibody was not suitable for immunofluorescence studies.
In vivo effects of EPEC on Cl -/OH -(HCO 3 -) exchanger. The in vitro studies are advantageous in allowing for a direct investigation of EPEC-modulated intestinal electrolyte transport processes. However, these studies are limited in their ability to provide a compre- hensive model for assessing the net impact of EPEC infection on the native intestinal tissue. Therefore, we also examined effects of EPEC on DRA expression in the intestine utilizing our recently characterized in vivo murine model of EPEC infection (22, 23) . For these studies, mice were infected with EPEC for 1 day, and DRA expression was examined in mouse ileum and colonic tissues using immunofluorescence microscopy. The expression of DRA was more abundant in the colon than the ileum in the control mice (data not shown). As shown in Figure 7 , DRA (red) was predominantly expressed on the surface of cells and colocalized with actin (green) near the apical membrane in the control colon. However, following infection with EPEC, DRA was primarily located in subapical pools reflected as numerous punctate inclusions throughout the cytoplasm. These findings correlate with the results obtained in in vitro cultured intestinal epithelial cell models.
Discussion
Cl -/OH -(HCO 3 -) exchangers or anion exchangers (AEs) are responsible for the electroneutral exchange of Cl -for HCO 3 -across the plasma membranes of polarized epithelial cells and thus play an important role in the vectorial transport of Cl -, regulation of intracellular pH, and maintenance of intracellular Cl -concentration and cell volume (2) . The coupled operation of Na + /H + and Cl -/HCO 3 -exchangers represents a major route of electroneutral NaCl absorption in the mammalian intestine. Disturbances in these electrolyte ion transport mechanism(s) generally accompany diarrhea associated with inflammatory bowel diseases. We have previously demonstrated the modulation of apical Cl -/OHexchange activity by the inflammatory mediators nitric oxide and serotonin, as well as phorbol esters in Caco-2 cells (24-26). However, the pathophysiology of early diarrhea associated with EPEC, an important food-borne pathogen, has not yet been fully defined. In this regard, our previous studies utilizing human intestinal epithelial cells showed that EPEC infection failed to stimulate Cl -secretion (10) but significantly inhibited the activities of intestinal NHE3 and monocarboxylate 1 transporter, the predominant Na + -absorbing isoform and short-chain fatty acid transporter, respectively (12, 27) . The current studies were aimed at examining in detail the role of the luminal Cl -/OH -(HCO 3 -) exchange process in the pathophysiology of EPEC-induced diarrhea.
We showed that EPEC infection of confluent differentiated Caco-2 monolayers caused a significant decrease in apical Cl -/OH -exchange activity. These effects were not cell line specific, as EPEC infection in
Figure 4
Cell-surface expression of DRA. Caco-2 monolayers grown on plastic supports were infected with nonpathogenic E. coli, EPEC, or espG mutant for 60 minutes and subjected to biotinylation at 4°C using sulfo-NHS-biotin. After solubilization, biotinylated proteins were extracted with streptavidin-agarose from equal amounts of total cellular protein.
Surface and intracellular fractions were run on 10% SDS-polyacrylamide electrophoresis gels, followed by transfer to nitrocellulose membrane. The blot was immunostained with an avidin-peroxidase antibody (A) or rabbit anti-DRA (B). Representative blot of 5 different experiments are shown. (C) Scanning densitometry of the DRA protein band was performed and the results expressed as surface/total DRA (surface plus intracellular DRA). The intensities of EPEC, nonpathogenic E. coli, and espG mutant were calculated in relation to those of the uninfected cells, and the value of each time control was arbitrarily set to 100. Values represent mean ± SEM of 5 different blots. *P < 0.01 versus control; **P < 0.05 compared with EPEC.
Figure 5
Cell-surface expression of PAT-1. Caco-2 monolayers grown on plastic supports were infected with nonpathogenic E. coli or EPEC for 60 minutes and subjected to biotinylation at 4°C using sulfo-NHS-biotin. Surface and intracellular fractions were run on 10% SDS-polyacrylamide electrophoresis gels, followed by transfer to nitrocellulose membrane. The blot was immunostained with an avidin-peroxidase antibody (A) or rabbit anti-PAT-1 (B). Representative blots of 3 different experiments are shown. (C) Scanning densitometry of the PAT-1 protein band was performed and expressed as surface/total PAT-1 (surface plus intracellular PAT-1). The intensities of EPEC and nonpathogenic E. coli were calculated in relation to those of the uninfected cells, and the value of each time control was arbitrarily set to 100. Values represent mean ± SEM of 3 different blots.
T84 cells showed similar results. T84 cells represent secretory crypt cells derived from the colon and have been used previously to study the regulation of Cl -/HCO 3 -exchanger (28). Consistent with these previous studies, our current studies utilizing T84 cells showed modest expression of apical Cl -/OH -exchange activity (approximately 2-fold less than in Caco-2 cells).
EPEC is known to deliver its virulence factors directly into the host cells through the TTSS. Several mutational studies performed previously have specifically identified the individual components of the TTSS (29, 30) . Previous studies have demonstrated that EspA forms a filamentous organelle on the bacterial surface that acts as a channel to deliver secreted proteins into the host cells. EspB and EspD are thought to form the translocation pore, with both of these being translocated into the host cell membrane, although EspB is also found in the cytoplasm (31) . The effects of EPEC on apical Cl -/OHexchange activity were found to be dependent upon an intact TTSS, as mutation of the putative ATPase (escN) ablated the alteration in Cl -/OH -exchange activity. These results are consistent with our previous studies in which escN mutant also failed to influence NHE activity in Caco-2 cells (12) . Further, espA, espB, and espD mutants, all of which lack the type III secretion ability, failed to inhibit the apical Cl -/OH -exchange activity in Caco-2 cells.
The secreted effector molecules including EspF, EspG, EspH, and Map produce a wide array of phenotypes. EPEC-secreted effector proteins include EspF, known to disrupt tight junctions (5); EspH, which alters pedestal morphology and filopodia formation (32); EspG and its paralog from the gene espG2, which disrupt host microtubule network (18, 19) ; Map, which alters mitochondrial membrane potential (30) ; and the translocated intimin receptor (Tir), which mediates adherence to the bacterial outer membrane protein intimin and pedestal formation (33) . The decreased apical Cl -/OH -exchange activity in response to EPEC, however, was not dependent upon the secreted effector molecules EspF, EspH, or Map. EspG, on the other hand, partially mediated Hoechst dye labeled the nuclei (blue). At the basal level, DRA protein (red) was primarily localized in the apical membrane, with no staining in the basolateral membranes in control monolayers. EPEC-infected monolayers showed absence of DRA from the apical membrane, with marked redistribution to intracellular compartments, whereas double mutant espG/espG2 showed predominant localization of DRA on the apical membrane. Nuclear staining with Hoechst dye also shows the bacterial attachment sites as indicated by the diffused pattern of nuclei (blue) in EPEC-and double mutant-infected monolayers compared with the uniform staining pattern of the nuclei in uninfected monolayers. Scale bars: 10 μm (control and EPEC), 5 μm (ΔespG/espG2). (B) Caco-2 monolayers infected with nonpathogenic E. coli (A) or EPEC (B) were stained with DRA and phalloidin, and images were converted on 3D projections generated using AutoVisualize. In monolayers infected with nonpathogenic E. coli, DRA can be seen at the apical border associated with brush border F-actin and apical plasma membrane (arrow). As described in previous studies, EPEC infection causes a dramatic reorganization of F-actin such that it is concentrated beneath bacterial attachment sites. While some apical plasma membrane DRA could still be detected (arrow), the majority of the DRA was found in the basal cytoplasm (seen as purple due to overlap with blue nuclear stain).
the effects of EPEC on apical Cl -/OH -exchange activity. Elliot et al. (18) recently reported the identification of another EspG paralog that is encoded by espG2. The partial attenuation of the effects of EPEC on Cl -/OH -exchange activity by deletion of espG could be due to the presence of espG2 in the espG mutant (18) . Deletion of espG2, like deletion of espG partially contributed to the inhibitory effects of EPEC on apical Cl -/OH -exchange activity. In fact, our studies with the espG/espG2 double mutant showing the complete loss of inhibition in Cl -/OH -exchange activity suggest an important role for both EspG and EspG2 in the inhibitory effects of EPEC. It is plausible that the observed effects of EspG mutants are due to polar effects of mutating EspG or EspG2 on the corresponding isoform. Since espG and espG2 are located in different regions of the chromosome, it is unlikely that mutations in one have any effects on expression of the other. Interestingly, the complementation of espG gene restored the inhibition in Cl -uptake to wild-type EPEC levels, indicating that the effects of EspG and EspG2 mutants are specific to the effector molecules. Thus, the restoration of the phenotype by complementation rules out the possibility that defects observed in the mutants are due to polar effects caused by dysregulated expression of genes downstream of espG/espG2. In addition, the failure of nonpathogenic E. coli and type III secretion mutants escN, espA, espB, and espD to decrease Cl -/OH -exchange activity indicates that the effects are specific to secreted effector molecules. Also, the effects of EPEC on Cl -/HCO 3 -(OH -) exchange activity appear to be specific and not secondary to alterations in other transporters, as EPEC effects were similar in magnitude in the absence or presence of the NHE inhibitor EIPA (50 μM). Additionally, our previous studies showed that EspG was not involved in EPEC-mediated effects on NHE and monocarboxylate 1 transporter activity (12, 27) .
EspG and EspG2 have been shown to play an important role in the disruption of host microtubular network (19, 20) . Our studies using EPEC mutants EspG and EspG2 strongly suggest that regulation of Cl -/HCO 3 -(OH -) exchange activity by EPEC might also occur via disruption of microtubules. Additionally, the failure of EPEC and colchicine to act synergistically suggests that EPEC and colchicine act via a similar mechanism, i.e., disruption of microtubules to inhibit apical Cl -/OH -exchange activity in Caco-2 cells. The integrity of microtubules is an essential factor for proper sorting and targeting of proteins to specific membrane domains (34) . Previous studies by Fuller et al. (21) showed that Cl -secretion in T84 cells and rat distal colon was also dependent on intact microtubules. Cell-surface biotinylation studies clearly suggested reduced surface expression of DRA protein in response to EPEC infection. This decrease in surface expression of DRA was not observed with either nonpathogenic E. coli or the TTSS mutant escN. Studies with the espG mutant showed that espG might play an important role in redistribution of DRA from apical to intracellular compartments. These biochemical studies were complemented with qualitative immunofluorescence studies that also showed redistribution of DRA protein from surface to intracellular compartments. Further, the role of intact microtubules was confirmed by the finding that optimal Cl -/HCO 3 -(OH -) exchange activity required an intact microtubular network, as the microtubule-disrupting agents colchicine and nocodazole decreased the Cl -/OHexchange activity in Caco-2 cells. The expression of PAT-1, however, was unaltered in response to EPEC infection.
Figure 7
In vivo effects of EPEC on DRA localization. Immunofluorescent localization of DRA (red) and phalloidin (actin; green) in the colonic epithelium of control mice and mice infected with EPEC for 1 day. Control colon shows localization of DRA protein predominantly to apical and subapical compartments. However, EPEC infection led to marked redistribution to intracellular sites, with more diffused localization in the basal and perinuclear cytoplasm. Scale bars: 5 μm. A representative of 3 different experiments is shown.
Figure 8
Proposed model of the potential mechanism of EPEC-induced decrease in Cl -/OH -exchange activity in intestinal epithelial cells. MT, microtubule.
The exact contribution of DRA and PAT-1 to luminal chloride absorption in the human small intestine and colon is not fully known. Studies have suggested that in the intestine, DRA is predominantly expressed in the colon (35) (36) (37) , whereas PAT-1 is predominantly expressed in the small intestine (38) . Therefore, although both DRA and PAT-1 can contribute to the electroneutral Cl -/HCO 3 -(OH -) exchange process in the human intestine, EPEC seems to have differential effect on these 2 apical anion exchangers. Similarly, our previous studies showed that the activities of the apical Na + /H + exchanger isoforms NHE2 and NHE3 were reciprocally regulated in response to EPEC infection, with an increase in the activity of NHE2 but a decrease in NHE3 activity (12) .
The intestinal epithelial cells also express other anion exchangers, e.g., AE2 and AE3, expressed on the basolateral side (1, 2) . Therefore, it could be argued that the observed inhibition of apical Cl -/OH -exchange activity in response to EPEC infection could also be contributed by the DIDS-sensitive basolateral anion transporters. In this regard, our previous studies have suggested that infection of human intestinal epithelial cells with EPEC does not cause any transepithelial electrical resistance (TER) changes until 3 hours (5, 39) . Thus, in the absence of permeability changes, apical 36 Cl -uptake would be primarily facilitated by DRA and PAT-1.
Further, previous studies reported conflicting findings with regard to the stilbene sensitivity of the SLC26 family of anion exchangers, especially for DRA. For example, DRA-mediated sulfate transport in Xenopus oocytes (40) and Sf9 cells (41) has been suggested to be highly sensitive to inhibition by DIDS. Also, the Cl -transport function of DRA was inhibited almost completely by 0.5 mM DIDS (15) . On the other hand, some studies suggest extremely low sensitivity of DRA-mediated Cl -transport to DIDS, when expressed in Xenopus oocytes (42) or HEK 293 cells (14) . It should be noted that, in our current studies, both the total and the DIDS-sensitive apical Cl -uptake showed a marked decrease in response to EPEC infection. These functional studies, complemented with the biochemical and immunofluorescence studies, suggest that DRA plays an important role in observed alterations in Cl -uptake and thus contributes to the pathophysiology of early EPEC-induced diarrhea.
The results obtained in in vitro cell culture models were validated in an in vivo model using our recently established mouse model of EPEC infection (22) . The salient features of this model include: (a) colonization of EPEC to murine intestine; (b) formation of attachment and effacement (A/E) lesions and actin rearrangement; (c) soft stool in proximal colon of infected mice compared with hard pellets in control mice; (d) increased number of lamina propria neutrophils with occasional crypt abscesses. The results of the current studies suggested that EPEC infection for 1 day caused marked redistribution of DRA from apical to subapical compartments in the colon, similar to the results obtained in the in vitro model.
Based on these studies, we propose a model showing the mechanism of EPEC-induced decrease in Cl -/OH -exchange activity in intestinal epithelial cells (Figure 8 ). We have shown significant inhibition of Cl -/OH -exchange activity in human intestinal epithelial cells infected with EPEC, which is mediated via TTSS and effector molecules EspG and EspG2. EspG and EspG2 might impair the membrane targeting event(s) of DRA via disruption of the microtubular network, thereby decreasing its expression on the apical plasma membrane. We speculate that a decrease in Cl -/OH -exchange and NHE3 activities might impair luminal NaCl absorption and may explain the pathophysiology of early EPEC-induced diarrhea.
The findings of our current studies enhance our knowledge about the normal physiology of intestinal NaCl absorption and also about the pathophysiology of early diarrhea associated with infection by food-borne enteric pathogens such as EPEC.
Methods
Materials. Radionuclide 36 Cl was obtained from PerkinElmer. Caco-2 cells were obtained from ATCC. DIDS, 2-(N-Morpholino)ethanesulfonic acid (MES), colchicine, and EIPA were obtained from Sigma-Aldrich. All reagents for SDS-PAGE such as acrylamide, Bis acrylamide, and ammonium persulfate were procured from Fisher Scientific.
Cell culture. Caco-2 cells were grown in T-75 cm 2 plastic flasks at 37°C in a 5% CO2 environment. The culture medium consisted of high-glucose MEM, 20% FBS, 20 mM HEPES, 100 IU/ml penicillin, and 100 μg/ml streptomycin. Cells used for these studies were between passages 25 and 45 and were plated on 24-well plates at a density of 2 × 10 4 cells/well. Cells were used for experiments at day 10-14 after plating.
T84 cells were obtained from K. Barrett (UCSD, La Jolla, California, USA) and were grown in a 1:1 mixture of DMEM and Ham's F-12 supplemented with 6% newborn calf serum, 14 mM NaHCO3, 15 mM HEPES, 65 IU/ml penicillin, 8 μg/ml ampicillin, and 60 μg/ml streptomycin in a 5% CO2 atmosphere at 37°C. Cells were plated in 24-well plates at a density of 8 × 10 4 cells/well and were used for experiments 2 weeks after plating.
Bacterial culture and cell infection. The following EPEC strains were used: (i) wild-type EPEC strain E2348/69, (ii) CVD452 (E2348/69 escN:Km) (43), (iii) UMD864 (E2348/69 Δ48-759 espB1) (44), (iv) UMD870 (E2348/69 espD1:aph-3(Km)) (45), (v) a nonpathogenic E. coli strain (HB101), (vi) espG (19) , (vii) ΔespG/ΔespG2, espG complements (ΔespG/+espG and ΔespG/ ΔespG2 +espG) (19) , (viii) espF (UMD874) (5), (ix) espH (SE874), and (x) map (SE882). espH and map were kindly provided by J. Kaper (University of Maryland, College Park, Maryland, USA). Strains were grown overnight in the presence of appropriate antibiotics. On the day of experimentation, 30 μl of bacterial culture was transferred to 1 ml of serum-and antibioticfree T84 cell culture medium supplemented with 0.5% mannose. Bacteria were grown approximately 3 hours to an OD600 of 0.4. Cell monolayers were infected at an MOI of 100. Nonadherent bacteria were removed by washing in PBS after 30-90 minutes.
36 Cl -uptake. Chloride uptake experiments were performed essentially as described previously by us (24) . Caco-2 cells were incubated with DMEM base medium containing 20 mM HEPES/KOH pH 8.5, for 30 minutes at room temperature. The medium was removed, and the cells were rapidly washed with 1 ml tracer-free uptake mannitol buffer containing 260 mM mannitol, 20 mM Tris/2-(N-Morpholino)ethanesulfonic acid pH 7.0. The cells were then incubated with the uptake buffer for 5 minutes in the absence or presence of 300 μM DIDS. This time period was chosen as it was within the linear range of Cl -uptake. The uptake buffer contained 1.4 μCi of 36 Cl -(2.9 mM) of hydrochloric acid (specific activity: 17.12 mCi/g) in the mannitol buffer. The uptake was terminated by removing the buffer and washing the cells rapidly 2 times with 1 ml of ice-cold PBS, pH 7.2. Finally, the cells were solubilized by incubation with 0.5 N NaOH for 4 hours. The protein concentration was measured by the method of Bradford (46) , and the radioactivity was determined by a Packard Tri-Carb 1600TR Liquid Scintillation Analyzer (Packard Instruments; PerkinElmer). The Cl -/OHexchange activity was assessed as DIDS-sensitive 36 Cl -uptake, and values are expressed as nanomoles per milligram protein per 5 minutes.
Cell-surface biotinylation studies. Cell-surface biotinylation was performed using sulfo-NHS-biotin (0.5 mg/ml; Pierce Biotechnology) in borate buffer (in mM: 154 NaCl, 7.2 KCl, 1.8 CaCl2, 10 H3BO3, pH 9.0), as previously described, with labeling for 60 minutes at 4°C to stop endocytosis and internalization of antigens (47) . After immunoprecipitation of biotinylat-ed antigens with streptavidin agarose, biotinylated proteins were released by incubation in 100 μM dithiothreitol, reconstituted in Laemmli buffer, subjected to SDS-PAGE, and then labeled with anti-DRA or anti-PAT-1 purified antibody. The surface DRA or PAT-1 was compared with total cell antigen as determined by immunoblotting in solubilized cell extract and with the amount of DRA or PAT-1 not removed by the avidin precipitation method (intracellular pool). To determine the efficiency of biotinylation, the blots were also probed with avidin-peroxidase antibody (1:1,000 dilution for 1 hour).
Immunofluorescence staining in human intestinal epithelial cells. Caco-2 cells grown on Transwell inserts were washed twice in 1× PBS containing 1 mM CaCl2, pH 7.4 and then fixed with 2% paraformaldehyde. Cells were then permeabilized with 0.08% saponin, washed, and blocked in 5% normal goat serum (NGS) for 30 minutes-2 hours at 25°C. These monolayers were incubated for 2 hours with rabbit anti-human DRA antibody (1:80) (custom synthesized against peptide sequence). Cells were then stained with anti-goat fluorescein isothiocyanate antibody diluted 1:100 and rhodamine-phalloidin (Invitrogen) diluted 1:60 and Hoechst 33342 (Invitrogen) for 60 minutes. Microscopy was performed using a Zeiss LSM 510 laser scanning confocal microscope equipped with a ×63 water-immersion objective. Beams of 488 nm and 534 nm from an Ag/Kr laser and 361 nm from a UV laser were used for excitation. Green and red fluorescence emissions were detected through LP505 and 585 filters, respectively. The 2 different fluorochromes were scanned sequentially using the multitracking function to avoid any bleed-through among these fluorescent dyes. Series sections were taken at z direction, and orthogonal sections were made in a z stack. For presentation of 3D data, confocal stacks were imported into AutoVisualize 9 (AutoQuant Imaging), and hardwaregenerated 3D maximum volume projections were created.
Immunofluorescence staining in mouse colon. All experiments involving mice were approved by the University of Illinois at Chicago Animal Care Committee. Sections of ileal and colonic tissue from control and EPECinfected mice were snap-frozen in optimal cutting temperature embedding medium (Tissue-Tek O.C.T compound; Sakura) and stored at -80°C. At least 3 sections from each of 2-3 animals for each condition were analyzed by immunofluorescence microscopy. Representative images are shown. For immunostaining, 4-μm frozen sections were fixed with 1% paraformaldehyde in PBS for 10 minutes at room temperature. Fixed sections were washed in PBS, permeabilized with 0.5% NP-40, and blocked with 5% NGS for 30 minutes. Tissues were incubated with anti-DRA antibody (1:100) in PBS with 1% NGS for 90 minutes at room temperature. After washing, sections were incubated with Alexa Fluor 594-conjugated goat anti-rabbit IgG, Alexa Fluor 488-conjugated phalloidin (5 U/ml; Invitrogen), and Hoechst 33342 (Invitrogen) for 60 minutes. Sections were then washed and mounted under coverslips using ProLong Gold antifade reagent (Invitrogen). Sections were imaged using a Leica DM4000 epifluorescence microscope (Leica Microsystems) equipped with appropriate filter cubes (Chroma Technology Corp.) and a CoolSNAP HQ camera (Roper Scientific; Photometrics) controlled by MetaMorph 6 (Universal Imaging Corporation; Molecular Devices).
Statistics. Results are expressed as mean ± SEM. Each independent set represents the mean ± SEM of data from at least 9 wells used on 3 separate occasions. Two-tailed Student's t test was used for statistical analysis. P < 0.05 was considered statistically significant.
